ABSTRACT Preparations of highly purified tetrodotoxinbinding protein (sodium channel) from the electric organ ofthe eel Electrophorus electricu were examined in negatively stained preparations. Structures observed in preparations exhibiting the highest tetrodotoxin binding tended to aggregate into ordered clusters with a unique ribbon-like conformation. The individual particles of these aggregates are elongated or rod-shaped, approximately 40 A wide and 170 A long. Stereoscopic imaging ofthe three-dimensional aspects of the structures revealed that the rodlike image is not an edge view of a flattened disc but represents a cylindrical structure. Individual rods in nonclustered forms were also observed but with greater frequency in preparations with lower specific activity. The dimensions ofthe particles suggest that they represent a protein core formed by perhaps one copy of the large glycopeptide previously identified as being part of the sodium channel. The structure of the sodium channel component visualized by negative staining is discussed in the context of the excitable properties it contributes to biological membranes.
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The electrical excitability of the membranes of both nerve and muscle cells is a consequence ofrapid and precisely controlled changes in the membrane conductance ofspecific ions, notably Na' and KV. The electrical potential across the membrane is a consequence ofthe relative permeabilities to these ions (1-3), which are, in turn, modulated by the action of highly specialized ion channels (4, 5) . Electrophysiological and pharmacological properties of the channels have been well studied (6, 7) , but little is known of the structural and mechanistic characteristics of these complex protein structures (4, 5) . Indeed, these "electrically excitable channels" represent a previously uncharacterized class of membrane proteins. The voltage-sensitive sodium channel forms a cation-selective pore that spans the membrane and transports sodium in preference to other ions present in physiological solutions (8 (1, 2) .
There are a variety of pharmacological agents that interfere with the complex function ofthe sodium channel. Among these, the neurotoxins tetrodotoxin (TTX) and saxitoxin reversibly block sodium movement at nanomolar concentrations, apparently by occluding the pathway through which the ions pass (9) . The remarkable specificity of these toxins has resulted in their application as biochemical markers for quantitation of the sodium channel in tissues, disrupted membranes, and solubilized preparations (6, 10) .
We have been engaged in the biochemical isolation of the voltage-sensitive sodium channel from the electroplax of the South American eel Electrophorus electricus. We have previously described the purification ofthe TTX-and saxitoxin-binding protein from the electroplax membrane and some of its physicochemical characteristics (11) . It is a glycoprotein ofs2O,, = 8 S and Stokes radius = 95 A, and, purified, it is an aggregate particle of protein-detergent (Lubrol-PX) and phospholipid (phosphatidylcholine). The principal and perhaps sole peptide component of the molecule is one or more large glycopeptides ofnominal molecular weight of260,000 by NaDodSO4 gel electrophoresis (11) . It has been possible to obtain this material in 0.1-to 1.0-mg amounts by relatively simple methods (12 (14) and was of specific activity 58.6 Ci/mol (1 Ci = 3.7 X 10°becquerels). TTX-binding assays were done by the Sephadex G-50 assay of Levinson et aL (15) . NaDodSO4/polyacrylamide gel electrophoresis was performed by the method of Laemmli (16) , using gels of 6% acrylamide/0.8% bisacrylamide. Protein was estimated by the fluorescence procedure (17) , with bovine serum albumin as a standard.
The purification of the TTXR was similar to that reported by Agnew et aL (18) . Medium-sized eels (1-1.5 m) were killed by hypothermia, and the main organs were removed and stored at -800C. Partially thawed organs were then trimmed of connective tissue, cut into 1-to 2-cm slices, and placed in a beaker with 4 vol of 0.05 M potassium phosphate buffer (pH 6.8), 0.1 mM phenylmethylsulfonyl fluoride, and 5 mM Na2EDTA and were homogenized for 30 sec with a Tekmar SD-45 homogenizer at full speed. The homogenate was strained through two layers of cheesecloth and centrifuged in the JA14 rotor of the Beckman J2-21 centrifuge at 14,000 rpm for 20 min. The supernatant was discarded. The pellets were pooled and added to an equal weight of buffer. Samples were shaken vigorously to form a homogeneous suspension, which was then placed in 50-ml tubes ofa JA20 rotor and centrifuged for 60 min at 20,000 rpm. Supernatants were discarded and the pellets were weighed. Pellets were resuspended in an equal volume of the buffer with low-speed homogenization and portions were put into plastic vials for storage at -800C.
Abbreviations: TTX, tetrodotoxin; TTXR, TTX-binding protein (TTX receptor).
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Fig. 2B can foreshorten the rods' true length, but never extend it. Thus, measurements ofrod length were limited to rods that were determined to be flat in the analyzed micrograph by stereoscopic viewing. The true operating magnifications of the microscopes at each indicated magnification were determined by using a calibration grid (T. Pella).
RESULTS
Preparations of the TTXR used for visualization had specific activities greater than 2,000 pmol ofTTX-binding sites per mg of protein, and when analyzed by NaDodSO4/polyacrylamide gel electrophoresis were shown to consist almost entirely ofthe 260,000-dalton peptide. The samples used in the experiments illustrated here had specific activities better than 2,200 pmol of TTX bound per mg of protein. Fig. 1 shows the NaDodSO4 gel and the densitometer scan of one such preparation.
In most ofthe fields examined at low magnification, the most distinctive structures observed were clusters ofrod-shaped particles. Examples of these are shown in Fig. 2 . These clusters were composed of from a few up to several hundred elongated particles often lying in register along with their long axes. The aggregates were found in all samples examined, but seemed to be more abundant in preparations of higher protein concentration and higher specific activities. The rods of the clusters had average lengths of 170 A (SD = 6 A; variance = 39 A) and average widths of41 A (SD = 3 A; variance = 7 A). Stereoscopic visualization of the loose cluster of rod-shaped particles reveal that the individuals are indeed cylinders and are not discoid in shape (Fig. 2B) . In the highest resolution micrographs some of the rod-shaped particles appeared to be segmented and possibly composed of smaller subunits (Fig. 2C) . acetylcholine receptor (19) and bacterial rhodopsin (20) . A greater proportion of non-rod-shaped and non-clustered material was observed in preparations with lower specific activities.
DISCUSSION
Preparations of purified TIXR, when visualized with the aid of negative staining in the electron microscope, appear as clusters ofrod-shaped particles ofapproximate dimensions 40 X 170 A. What appear as rods in two-dimensional visualization are resolved as cylinders when viewed with the aid of stereoscopic (three-dimensional) techniques and are thus not an edge-on projection of flattened discs. The individual units within the clusters aggregate closely, in a side-to-side manner and much less frequently end-to-end. When found in the end-to-end confirmation the aggregates are not as ordered or concentrated. The 40-A thickness of the rod-shaped particle is probably insufficient to span the membrane bilayer. In addition, it seems reasonable to assume that the marked side-to-side aggregation of the particles represents interactions between the hydrophobic domains of adjacent particles. These arguments promote speculation that the particles, when in the membrane, are oriented with their long axis perpendicular to the plane of the bilayer. Attempts at correlation with freeze-fracture particles however, may support the proposal of another orientation (see the following).
It is prudent to exercise caution in interpretation of absolute sizes of the TTXR determined in these negatively stained preparations. It is unlikely that the negative staining protocols used revealed the entire molecule. It is known that this TTXR's composition is approximately 30% carbohydrate by weight (12) , and the carbohydrate-rich portions most likely extend to the external surface of the membrane. The negative staining protocols used here most likely reveal the proteinaceous core in negative contrast while positively staining the carbohydrate-rich portion of the molecule. Preparative methods could alter the true molecular dimensions. Measurements ofsuch small objects are not usually reproducible at the Angstrom level. Hence the standard deviation and variance values likely contain a small component (1-2 A) attributable to measurement accuracy.
An estimate of the molecular size of these rods may be made by assuming a rod of40 x 170 A and by assuming that the image represents that of the proteinaceous core and not the carbohydrate component. A particle of this size has a volume of 2.2 X 10-19 cm3 (SD = ±0.2 X 10-19 cm3). From the amino acid composition (12) , and the data of Cohn and Edsall (21) , the partial specific volume of the protein moiety is 0.752 cm3/g. The computed molecular weight of the cylinder is therefore approximately 180,000. Because the glycopeptide is about 70% protein and 30% carbohydrate (12) this estimate implies that the actual molecular weight of the TTXR is about 257,000. This value is in good agreement with estimates by irradiation inactivation (4) and sedimentation studies (22, 23) . Further, the longest axis of the particle is consistent with the Stokes radius of the detergent-solubilized molecule measured by gel exclusion chromatography (95 A) (18) . For instance, if lipid and detergent were bound along the circumference of the rod, an approximately spherical particle of these dimensions would be expected. Miller and co-workers (12) have demonstrated that the precise molecular weight ofthe glycopeptide (Fig. 1 ) cannot be determined by NaDodSO4 gel electrophoresis. Nevertheless they suggest that the true value is likely to be equal to or greater than 260,000. Thus, the values computed above suggest that each particle may be composed of one copy of the large glycopeptide.
It is noteworthy that rod-shaped particles have been observed in freeze-fracture replicas on both endoplasmic and protoplasmic fracture faces of nodes of Ranvier (24) (25) (26) , which are known to contain the TTXR protein from immunocytochemical studies (27, 28) . Although a direct correlation between these molecules delineated by negative staining and those exposed by freeze-fracture is attractive, it is at this time only speculative. Direct freeze-fracture visualization of purified TTXR in native or in reconstituted membranes, however, will be enlightening with respect to this possible correlation and the orientation of the irregularly shaped protein in the lipid bilayer.
Recent reports by Beneski and Catterall (29) (30) .
